sential for the initiation of X inactivation in cis. Xist RNA tial trigger for X inactivation. However, little is known coating of the X chromosome is the earliest known event about the early chromatin remodeling events that in the X inactivation process, occurring within 24-48 hr transform this signal into transcriptional silencing.
1999) as well as macroH2A enrichment (Mermoud et al., its partners. Studies involving single copy and multicopy
Xic transgenes support this notion. 1999; Rasmussen et al., 2000) , are relatively late events in the X inactivation process, occurring well after Xist Results RNA coating and transcriptional inactivation. These epigenetic marks appear instead to be involved in mainHistone Modification Profile of the Inactive X taining the inactive state in a synergistic manner, Chromosome in Somatic Cells through the hundreds of cell divisions in somatic cells As a starting point for our studies on the kinetics of (Csankovski et al., 2001). Thus, the nature of the early histone modifications during X inactivation, we examchanges in chromatin structure that lead to the tranined histone H3 and H4 modifications on the inactive scriptional shutdown of genes during X inactivation re-X chromosome in female mouse embryonic fibroblasts mains an open question.
(MEFs, passage 3-4). In interphase cells, Xist RNA coats Covalent modifications of histones such as acetylathe territory of the inactive X chromosome, allowing its tion, methylation, and phosphorylation represent an imunequivocal identification. Xist RNA FISH followed by portant means of epigenetic control in eukaryotes, enimmunofluorescence (immuno- The H3 Lys-9 methylation status of the inactive X interactions suggest that the recruitment of HMTases via chromosome was examined at the molecular level by the H3 methyl Lys-9 mark and/or the HP1-type proteins ChIP analysis of several X-linked genes. Chromatin from bound to them might be involved in the spreading of male and female MEFs was immunoprecipitated with the inactive state across a region and could also provide an antibody against Lys-9-methylated H3, and the ima stable epigenetic mark of the inactive state throughout munoprecipitated DNA was analyzed by real-time PCR, the cell cycle (Nakayama et al., 2001) . using primers positioned across the promoters and Here, we sought to determine whether histone H3 within the bodies (exonic regions) of the G6pd and Lys-9 methylation could be implicated in the initiation MeCP2 genes ( Figure 1Q ). In the promoter regions of and propagation of X inactivation. We have identified a
G6pd and MeCP2, a striking enrichment (Ͼ20-fold) of constitutive and uniquely enriched "hotspot" of H3 Lys-9 methylated H3 Lys-9 is found in females compared to methylation located upstream of the Xist gene, and we males. The minimal H3 Lys-9 methylation found at these demonstrate that chromosome-wide methylation of H3 promoters in male cells (close to background, see Myc Lys-9 is a very early event in the X inactivation process, control, Figure 1Q ) indicates that the high levels in feoccurring simultaneously with or immediately after the male cells are specific to the inactive X chromosome. coating of the X chromosome by Xist RNA. Hypoacetyla-A similar degree of female-specific enrichment was tion of H3 Lys-9 and hypomethylation of H3 Lys-4 occur found in an intergenic region located 5Ј to G6pd (data with the same kinetics as H3 Lys-9 methylation. These not shown). Within the bodies of these genes, high levels three histone H3 modifications therefore represent the of H3 Lys-9 methylation were found, although this is earliest known chromatin changes in the X inactivation apparently not specific to the inactive X chromosome, process. Importantly, transcriptional inactivation occurs as it was found in both male and female cells. The apsubsequent to X chromosome-wide H3 Lys-9 methylaproximately 2-fold higher levels seen in the bodies of tion. We propose that H3 Lys-9 methylation and the genes in female cells presumably reflect the presence factors that bind to it constitute the "spreading signal" of two X chromosomes versus one in male cells. Intriguresponsible for propagating the inactive state along the ingly, this suggests that whereas H3 Lys-9 methylation X chromosome under the action of the Xist transcript.
at the promoters of X-linked genes correlates with tranIn this context, the hotspot of H3 Lys-9 methylation at scriptional inactivity, within the bodies of these genes the Xic may represent a nucleation center that facilitates this H3 modification does not interfere with transcription. the spreading of inactivation in response to Xist RNA and (Figures 2A-2C ) and at the site of the single Xist locus in undifferentiated male Efc1 ES cells (data not shown). Upon differentiation, this hotspot of H3 Lys-9 methylation persisted on the X chromosome that remained active (see Figures 2D and 2G) . In fact, the proportion of cells in which it could be detected increased from 46% at day 0 to over 90% of cells at day 2 and subsequently dropped to lower levels (23% by day 5). In about 25% of cells with an H3 Lys-9 methylation hotspot, the immunofluorescence and Xist/Tsix RNA signals could actually be resolved (see inset, Figure  2C ), implying that the region of hypermethylation does not coincide with the region used to probe Xist, but lies either upstream or downstream of it. Since the same degree of resolution, if not greater, was found between the Brx transcript signal (located 65 kb downstream of Xist, see below) and the H3 methyl K9 hotspot (data not shown), the hotspot is predicted to lie upstream of Xist.
We next examined the time of onset of X chromosome-wide H3 Lys-9 methylation during the initiation of X inactivation. When differentiation is induced in female ES cells, stable Xist RNA begins to accumulate at one allele (the future inactive X chromosome) within 24-48 hr and is visualized by RNA FISH first as a cluster of pinpoints scattered around the more intense primary transcript signal and subsequently as a more dense signal covering the length of the entire X chromosome. On the X chromosome that remains active, transcription of Xist/Tsix (visualized as a punctate RNA signal) continues for 6-7 days before being extinguished.
Female ES cells were induced to differentiate using all-trans-retinoic acid and then assayed at daily intervals using immuno-RNA FISH, over a period of 5-8 days. Differentiation was monitored using RNA FISH to follow the downregulation of Oct4 expression, a marker for undifferentiated ES cells (Nichols et al., 1998) (data not shown). In undifferentiated ES cells (day 0), no signs of Xist RNA accumulation were found, as expected (n Ͼ 500). By day 1 of differentiation, Xist RNA accumulation was detected in up to 14% of cells (n Ͼ 500), and enrichment for H3 Lys-9 methylation at the site of this Xist RNA accumulation was found in over 30% of cells even at this early stage ( Figures 2D-2F ). The X-chromosomal female ES cell differentiation corresponded to changes differentiation, a 2-fold increase in H3 Lys-9 methylation was observed within the promoters and bodies of both genes. This modest increase appears to be significant, as it was consistently observed in repeated differentiations. Nevertheless, this occurs later than the chromosome-wide phenomenon observed by immunofluorescence, implying that the sequences responsible for the early accumulation of H3 histones methylated at Lys-9 lie elsewhere on the X chromosome.
In order to investigate the H3 Lys-9 methylation across the Xist/Tsix region, we performed ChIP analysis in female ES cells and their differentiated derivatives, using primers located in the promoters and in the bodies of the Xist and Tsix genes, as well as in a region located several kilobases 5Ј to the Xist P1 promoter. H3 Lys-9 methylation levels within the promoters and body of the methylation of the silent Xist gene promoter on the active X chromosome present in both sexes. in the H3 Lys-9 methylation status of genes, we perWithin the Xist/Tsix region, the highest levels of H3 formed ChIP analysis on the G6pd and MeCP2 genes Lys-9 methylation were found at a position 7 kb up-( Figure 4B ). We found that H3 Lys-9 methylation levels stream of the Xist promoter (X3; Figure 4A ), which prein both genes consistently dropped at day 2 of differentisumably corresponded to part of the H3 Lys-9 methylation hotspot predicted by immuno-RNA FISH. A high ation before rising again from day 3 onward. By day 5 of level of H3 Lys-9 methylation in this region was found in undifferentiated ES cells. This increased slightly at early stages of differentiation (days 2-4, Figure 4A ), consistent with the increase observed by immunofluorescence (see above). H3 Lys-9 methylation in this region was also maintained at relatively high levels in male and female fibroblasts ( Figure 1Q ).
Molecular and Functional Definition of the H3 Lys-9 Methylation Hotspot Upstream of Xist
Based on the size of the immunofluorescence signal of the H3 Lys-9 methylation hotspot and our ability to frequently resolve it from the Xist RNA punctate signal (see Figure 2C) , the hotspot was predicted to span a much larger region than the one detected by ChIP just 7 kb 5Ј to Xist (X3). We therefore extended our ChIP analysis across a 150 kb region upstream of Xist (based on sequence from C. Chureau, M. Prissette, A. Bourdet, L. Jones, A. Eggen, P.A., and L. Duret, unpublished data) in undifferentiated female ES cells. A high enrichment in H3 Lys-9 methylation was indeed detected across a 100 kb region (see Figure 4C) . Furthermore, the levels of methylation in this extended region were even higher than that seen at position X3, reaching a peak at position C21 (55 kb 5Ј to Xist). The H3 Lys-9 methylation level at this position was 6-fold higher than that of X3 and 30-fold higher than that of the Xist promoter region (X1). 
multicopy lines were tested). However, as differentiation Transcriptional Silencing of X-Linked Genes Follows Chromosome-Wide Histone H3 proceeded, only multicopy transgenic lines retained two
Lys-9 Methylation hotspots and were able to form a H3 Lys-9 methylation Given the early appearance of global histone H3 Lys-9 domain as Xist RNA accumulated (Figures 2M-2O) , simimethylation on the Xist RNA-coated X chromosome, we larly to female ES cells. In contrast, only one hotspot wished to determine when transcriptional inactivation could be detected in single-copy lines during early difof X-linked genes occurred relative to H3 Lys-9 methylaferentiation ( Figures 2J-2L) , and this presumably corretion. Two genes were examined, Brx (located about 100 sponded to the endogenous X chromosome, as in male kb 3Ј to Xist) and Mecp2 (located several Mb away from cells. In no case was H3 Lys-9 methylation found to Xist), both of which are subject to X inactivation during accumulate in single-copy lines. The incapacity of sin-ES cell differentiation (Clerc and Avner, 1998 Figure 6O . Our results demonstrate that X domains showed clear H3 Lys-9 hypoacetylation at the chromosome-wide methylation of H3 Lys-9 precedes Xist RNA-coated chromosome. By day 4, hypoacetylatranscriptional inactivation of both the Brx and Mecp2 tion on the Xist RNA-coated X chromosome was seen genes. in almost 90% of cells, a level similar to that observed in fibroblasts (Figure 3) . Discussion Similar results were found for methylation of H3 Lys-4 (see Figures 5G-5L ). An absence of immunofluoresWe have shown that modifications at the N-terminal tail cence signal at the site of Xist RNA accumulation could of histone H3 are very early events in the X inactivation be seen in a proportion of cells even at day 1 of differentiprocess. As soon as the X chromosome chosen for inacation ( Figures 5G-5I ). H3 Lys-4 hypomethylation was tivation becomes coated by Xist RNA, we find that it seen on the Xist RNA-coated chromosome in 50% of becomes globally associated with the methylated and cells by day 2 and in over 90% of cells by day 4. The hypoacetylated forms of H3 at Lys-9, as well as the timing and kinetics of H3 Lys-9 hypoacetylation and hypomethylated form of H3 at Lys-4. The kinetics of H3 Lys-4 hypomethylation on the Xist RNA-coated X these changes are very similar, suggesting that they are chromosome were very similar to those of H3 Lys-9 integrated events. Unlike previously described modificamethylation (Figure 3) , suggesting that modifications of tions on the inactive X chromosome, such as macroH2A the H3 histone tail may occur in a coordinate fashion enrichment and histone H4 hypoacetylation (which ocduring the initiation of X inactivation. cur after transcriptional silencing), the chromosomeWe also tested the kinetics of another well-studied wide changes in histone H3 precede transcriptional chromatin modification during X inactivation, histone H4
downregulation. As such, we favor the view that H3 hypoacetylation (Keohane et al., 1996). At early stages modifications, notably methylation at Lys-9, are likely of differentiation (day 1), no hypoacetylation of histone to be directly involved in the chromatin remodeling that H4 could be seen at the site of the accumulating Xist is induced by the Xist transcript and ultimately result in RNA signal in the majority of cells (Figures 5M-5O) . The the transcriptional shutdown of the X chromosome. first signs of global H4 hypoacetylation were seen at In contrast to histone H3 modifications, hypoacetyladay 2 in a small proportion of cells (15%) with Xist RNA tion of histone H4 on the X chromosome appears to be domains (Figure 3 ). This contrasts with histone H3 modia later event. In fact, we define its onset as being slightly fications, which had already reached the 50% level by ., 2001; Noma et al., 2001 ). Given the early X chromosome-wide enrichment in H3 Lys-9 methylation that we observe, H3 Lys-9 methylation could similarly be involved in the spread of X inactivation. Thus far, we have found no evidence for association of HP1 with the inactive X chromosome using several different antibodies (E.H., unpublished data), suggesting that different, HP1-like proteins may be involved in spreading X inactivation. Because the patterns of Xist RNA coating and H3 Lys-9 methylation enrichment are very similar during the onset of X inactivation (see Figures 6G and 6H ), these events appear to be intimately linked. However, since the Xist RNA signal is always larger than or equal in size to the H3 Lys-9 methylation signal and since H3 Lys-9 methylation enrichment on the X chromosome is never seen without an associated Xist RNA domain (whereas the inverse can be found at very early stages of differentiation), we believe that Xist RNA coating of the X chromosome occurs first and plays a direct role in the spread of chromosomal H3 Lys-9 methylation.
Although chromosome-wide enrichment for H3 Lys-9 methylation on the inactivating X chromosome is an early event, our ChIP data reveals that the H3 Lys-9 hypermethylation of promoters of X-linked genes that we observe in female somatic cells must occur later. The initial wave of H3 Lys-9 methylation observed using immunofluorescence must therefore affect other sequences. Such sequences could be "relay elements," which might be involved in propagating the X inactivation signal along the X chromosome (as previously proposed by Riggs et al., 1985; McBurney, 1988) the IP by the average value of the corresponding input, both values Mouse fibroblasts were prepared from 13.5-day-old embryos and first being normalized by the dilution factor. In the case of embryonic cultured as described (Hogan et al., 1994) . ES cell lines were grown fibroblasts, for an equal amount of chromatin, the input value for in DMEM (GIBCO), 15% fetal calf serum (FCS, ES cell grade, GIBCO), X-linked primers in female is expected to be twice that of male (due and 1000 U/ml LIF (Chemicon). Female LF2 and male Efc1 ES cells to the presence of two X chromosomes versus one). For this reason, were cultured on gelatin-coated glass coverslips in the absence of and to better compare male/female results, the IP percentage in feeder cells (Smith, 1991) . Female HP310 and transgenic ES cells female samples was calculated after dividing the input value by two. were cultured on Mitomycin C-treated male embryonic fibroblast Each experiment was repeated on independent chromatin extracts feeder cells as described . Differentiation was a total of 3-4 times. induced using 100 nM all-trans-retinoic acid (in DMEM, 10% FCS Primer Sequences without LIF [Smith, 1991; Wutz and Jaenisch, 2000] ), which was Primer sequences are as follows: XC1Up, acggtgagatcttccggtga; added for the first 3 days of differentiation. The medium was XC1Lo, aagcgaccatttccatctaagc; C15Up, ccctcaggcccaaatatcag; changed daily throughout differentiation.
C15Lo, aaatccactggccaccctct; C19Up, ggggcagagcctagaccaaa; C19Lo, cactggcatccccattaggg; C21Up, acaggctgtgaaccagagtacc; Preparation of Cells for RNA FISH and C21Lo, acaggaatgtaggattcaccaa; C24Up, cgaaaacaactatgctggcatg; Immunofluorescence Analysis C24Lo, ggaagacctccatagctggcat; X3Up, gcttcacaaggtaaccaacca; Fibroblasts or ES cells were cultured on gelatin-coated glass covX3Lo, tgcacagtcaagcaggagtt; X1Up, taaaggtccaataagatgtcagaa; erslips, fixed in 4% formaldehyde in PBS for 15 min., then permeabilX1Lo, ggagagaaaccacggaagaa; XgUp, ggttctctctccagaagctaggaaag; ized on ice in PBS containing 0.5% Triton X-100 for 4 min and rinsed XgLo, gctactcacttgtgtattatatggcatga; X14Up, gcgcttgcaggtacttttg; in PBS. For RNA FISH, cells were then rinsed twice in 2ϫ SSC; RNA X14Lo, aagagccttaggtcccgcc; G4Up, gggccagcgaagcttagc; G4Lo, gcc FISH and washes were performed as described aaacacgttcacagatctg; G6Up, gccacccatctttccacaag; G6Lo, gggcagac using DNA probes labeled with Spectrum Red or Green dUTP (Vysis, tgataggcattctt; Me4Up, gaactcctgccaattgaggg; Me4Lo, cttcattggttgtg Downer Grove, IL). For immunofluorescence after RNA FISH, prepagagccc; Me2Up, agtcttccatacggtctgtgca; Me2Lo, cttcccgcttttctcacc aag; Myc4Up, gacgcttggcgggaaaa; and Myc4Lo, ctctgcacacacggctctt. rations were rinsed in PBS, blocked in 0.5% BSA (NEB) in PBS for
